The relationship between photosynthesis and calcification has received considerable attention (see Darlcy 1974; Borowitzka and Larkum 1976; Pentecost 1978) . Although calcification is clearly stimulated by light, a direct link to photosynthesis has been difficult to establish. An early hypothesis held that both processes depended on a common supply of IICO13-from the medium (Lewin 1962 ): 2HCO,-+ Ca2+ + CaCO, + CO, + H,O. IIowever, the idea later fell into disfavor (Raven 1970) .
Beyond its relevance to carbonate deposition, that hypothesis suggested that calcification by algae might be a specific example or the use of bicarbonate in photosynthesis by plants in general. A direct demonstration of this phenomenon has been equally elusive. The principal difficulty arises from the inherent complexity of dissolved inorganic carbon (DIC) equilibria.
Attempts to isolate either CO% or EzCO,-as variables in experiments have required varying pH or DIC without experimental controls so that results are often open to criticism (Raven 1970;  ' This work was supported by National Research Sepvicc Award lF32 ES05090-01 from the National Institllte of Environmental IIcalth Sciences, by National Science Foundation grants PCM 76-81470 and KM-78-22242, and by contract N00014-78-C-0294 from the Office ofNaval Research. (1978) has continued studies into the question of the inorganic carbon supply (e.g. Gavis and Ferguson 1975) and reasoned convincingly that inward movement of HCO,-acts to enhance COZ fixation in Chlamydomonas, a noncalcifying plant. Sikes (1978) and Beeton and Sikes (1978) have argued that carbonate deposition may actually occur in agreement with the above hypothesis in calcifying plants.
IIutchinson 1975). However Lehman
Our purpose here is to evaluate the hypothesis flirther by applying two new methods designed to elucidate the forms of inorganic c&bon used in photosynthcsis and coccolith formation by the coccolithophorids Coccolithus (Emiliania) huxleyi and Cricosphueru carterae. Coccolithophorids are abundant, widely distributed, unicellular marine algae (Okada and McIntyre 1977) . They form beautifully sculptured structures of CaCO,-the coccoliths-within Golgi vesicles (Outka and Williams 1971; Klaveness 1976) . Coccoliths are extruded from the cell but they are retained as spheres-the coccospheres. The hypothesis that relates photosynthesis and carbonate deposition has been tested before with coccolithophorids, but the bulk of the evidence is considered to be contrary (Paasche 1968; Raven 1970; Pautard 1970; Isenberg and Lavine 1973; Darley 1974 (Guillard 1975) in 125-ml flasks except that calcifying C. huxleyi was kept in f/SO to promote complete calcification of the cells (R. R. L. Guillard pers. comm.). This procedure was partially successful in lowering the occurrence of noncalcifying cells, but, after numerous transfers, a high percentage (up to 30%) of noncalcifying cells would sometimes arise. Two methods were developed to keep the cultures fully calcified (Sikes and Wilbur in prep.) and at least 95% of the cells of calcifying strains used in experiments had complete coccospheres.
Culture conditions for stocks were 18:6 h L:D cycle, 18"C, 6 klux of "cool-white" fluorescent light. Transfers were made weekly by adding 2 ml of a 7-day culture to 50 ml of fresh medium.
In experiments, f/2 medium was used for all strains. Light was increased to 12 klux to saturate photosynthesis of C. huxleyi (Paasche 1964). Cells were kept in SLHpension using a gyratory shaker set at 90 rpm. Temperature was 18"-20°C which is optimum for growth and calcification of C. huxleyi (Watabe and Wilbur 1966 Jones et al. 1977) . That this method might be applied to carbon fixation by algae was recognized by IIood and Park (1962) , but their results were not accepted because they overestimated the rate of hydration of dissolved CO, (Steemann Nielsen 1963; Watt and Paasche 1963) . Lehman (1978) has described the method and has applied it to his study of photosynthesis by Chlnmydomonns.
The half-time for the hydration and dehydration of CO, is relatively long (t% = 20 s at 2O"C, pH 7.5 in seawater). Therefore, if DIC is added to solution of pH 7.5 as "COZ, it takes l-2 min for it to equilibrate to give appropriate amounts of H14C0,-. In this example, photosynthesis is measured in the initial 2-min interval. If carbon fixation is seen to be enhanced initially but falls off to an equilibrium value, then CO, rather than I-IC03-or COs2-is the substrate of carbon fixation. An analogous experiment can be made by adding Hl"CO,-initially. The time to equilibrium is somewhat faster in this case, but still long enough to allow for measurements (t% = 15 s) (see Filmer and Cooper 1970 for a theoretical treatment of the method and Lehman 1978 for its application to assaying carbon fixation by whole cells).
About 1x10" cells -ml-l of C. huxleyi in 20 ml of f/2 medium buffered at pH 8.0 with 10m2 M TRIS were inoculated with 200 &i of '"C as '"CO,, II1'CO,-/ 14COs2-, or at equilibrium at pH 8 in 0.1 ml. The form of carbon was adjusted with 0.1 ml of 0.1 N HCl, 0.1 N NaOH, or 0.1 M TRIS (pH 8.0). The culture, previously incubating in the light for 1 h, was swirled vigorously by hand for 2-5 s and then sampling began. Samples of 1.0 ml were drawn with an automatic pipette and filtered in an apparatus of 30 filtration units at 10-15-s intervals for 2 min and at longer intervals for 1 h. Each filter was immediately rinsed with 10 ml (4°C) of unlabeled medium to rinse the l"C off the cells and to stop metabolism. Filters were placed on greased planchets for counting. After counts of total "*C incor- Total carbon fixation minus photosynthetic carbon gave carbon in coccoliths. Dark controls for each experiment were run to correct for "'C adsorption to filters, exchange onto cells, and dark fixation of carbon. Dark uptake was initially as high as 50% of light uptake but decayed rapidly to ~5%. Cells (at least 400) were counted in a hemacytometer.
Method 2: Alknlinity, pII, and ',l-C cmscly-The flux of CO, into cells was assessed from the upward shift in pH resulting from its removal from solution (Wood and Verduin 1972; Tailing 1973) . Removal of CO, does not affect the alkalinity of the medium, which with respect to DIC is (HCOs-) + 2(COlj2-) + (OH.-) -(I-I+). The flux of HCO,-into cells was assessed from the decrease in alkalinity resulting from its removal from solution. Removal of IICOn-, in the pH range of' the experiments, does not affect pH (see fig, 4 .5 and the accompanying text: Stumm and Morgan 1970). The consequence of'thc method is that, in the absence of significant movements of other suljstances which affect pI1 and alkalinity, the simultaneous ~luxcs of CO, and IICO:,-can be measured. By comparing the values for CO, and HCO,-fluxes so obtained to values of "l-C incorporation into coccoliths and photosynthesis, we can evaluate possible net inorganic reactions of carbonate deposition.
Total DIC and alkalinity were determined by titration of 30 ml of medium with 0.01 N HCl (Fischer Scientific) by a Digipet calibrated in microliters (Manostat Corp). Samples were drawn from closed 200-ml cultures in which pH was continuously monitored. After filtration, the medium was titrated in an open beakcr with smooth magnetic stirring. End points were determined from Gran plots. pII was measured to the nearest 0.01 unit with a combination glass electrode and a Beckman meter equipped with an expanded scale. CO, Flux resulting in observed pII shifts was computed with the equations for DIC eqllilibria and appropriate equilibrilun constants (Stumm and Morgan 1970).
The medium (f/2) contained 2 mM NaCO, but organic buffer was omitted to allow free shifting of pH. It was free of borate and ammonia. Phosphate was the only extra component of alkalinity but at a concentration so low (0.0032 mM) that its contribution to alkalinity, and particlllarly alkalinity shifts due to uptake, was negligible.
At pH 7.50 in seawater, DJC is maximal in the form of HCO,,-(mole fraction = 0.954). The medium was initially adjusted to pH 7.50, but the pII shifted immediately upon inoculation of cells (e.g. 0.1 pH) and gradually during cxperiments involving dark incubations (e.g. 0.05 pH). Therefore, the initial pH listed (Table 1; col. 3) is the final pH of a control differing from the experimental flask only in that light was excluded by an aluminum foil cover. There was little or no change in alkalinity of the medium in dark treatments.
14C measurements were made with a low-background, gas-flow counter. Cells (1 ml of culture of 1.5X10"-5.3X105 cells. ml-l) were filtered onto 0.45pm cellulose acetate filters (lMillipore, type HA) for counting. Cell numbers (hemacytometer counts) per filter were too low to cause self-absorption errors (Steemann Nielsen 1952) . Carbon in coccoliths was determined from the loss of counts of "*C from cells after complete decalcification by a treatment involving bubbling of CO2 into cultures (Wilbur and Watabe 1963) . The loss of organic 14C from cells resulting from this treatment, which was 5-8% OF total photosynthesis, was determined from the residual radioactivity of the medilzm (Eppley and Sloan 1965; Paasche 1969) . This fraction was included in measurements of total photosynthesis.
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Short terrn assay-Figllre 1 shows the data from an experiment-in which "'C was added as H'"CO,-to a culture of C. huxleyi.
There was an apparent initial enhancement of carbon fixation into coccoliths and a lag of fixation by photosynthesis, as indicated by the shapes of the two lower curves. These results support the view that HC03-is the source of carbon in coccoliths and CO, the substrate of photosynthesis.
Total uptake of carbon with time was linear. The insert in Fig.  1 shows the uptake of carbon into the three fractions for 1 h and indicates that the cells metabolized consistently during the period of assay. Figure 2 shows the results of six experiments in which the short term assay was llscd. Carbon uptake by cells is cxpressed as a rate calculated per interval from raw data like those in Fig. 1 . The expression of uptake as a rate rather than as accumulation versus time gives steeper curves and thus clearer results. Both calcifying (A-C) and nonculcifying (D-F) strains of C. huxleyi were used.
When "'C was added as l"CO, to calcifying cells in culture ( Fig. 2A) , apparent rates of photosynthesis were initially high. However, apparent rates of coccolith formation were also elevated at first. The results might support the view that CO, is the form of carbon supplied to both the sites of photosynthesis and coccolith formation.
Because this seemed unlikely in light of the other data, we ran control experiments using noncalcifying cells. The results of such an experiment (Fig. 2D) show an apparent initial flux of CO2 into a "coccolith fraction," but bewuse these cells do not deposit coccoliths, the results indicate the presence of an acid-labile fraction not related to carbonate deposition.
When this fraction is subtracted from the values for carbon in coccoliths, the dashed lines in Fig. 2A -C result, With the correction made, the results support IIC03-as the form of carbon supplied to the calcification site and reinforce the finding that CO, is the substrate of photosynthesis. Figure 2B and E show the uptake of carbon with time when 14C was added at equilibrium levels of COz, IIC03-, and COS2-. An acid-labile fraction not associated with carbonate deposition persisted in these experiments, but when an adequate correction was made the uptake of carbon in both coccolith formation and photosynthesis was linear with time. There was no apparent enhancement or lag in uptake of carbon related to the form of DIC preferentially labeled. When isotope was added as H '"CO,-( Fig. 2C and F) , there was an initial lag of apparent carbon fixation by photosynthesis while coccolith production was relatively stable with time. The lack of a significant acid-labile fraction of carbon fixation in noncalcifying cells under these conditions is of interest. The results again support CO, as the substrate of photosynthesis, but the experiments do not seem to allow conclusions about the form of DIC supplied to the calcification site. The explanation for this is that the fraction of DIC as CO, in seawater at pH 8.0 is very low (mole fraction = 0.007). Th erefore, although the medium becomes relatively enriched with '"COZ with time, the actual decrease in H"'CO,-is negligible and the cells perceive very little change in H1"C03-concentrations but great changes in relative levels of '"CO,. The result is that the data do indicate IICO,-as the source of carbon in coccoliths.
The acid-labile fraction not associated with carbonate deposits may be nothing more than unfixed DIC which enters the cell most readily as CO, and is not lost during filtration and rinsing. It is a fraction that is light dependent, however, since all values were corrected for dark controls. The light dependency may reflect higher rates of diffusion of CO2 into cells in the light, due to higher downhill concentration gradients of CO, around photosynthesizing cells (Gavis and Ferguson 1975) . However, it is also of inter- est that there is an organic matrix ofcoccoliths (DeJong et al. 1976 ) which appears to be made by both calcifying and noncalcifying strains of C. huxleyi, and some of it may bc acid-soluble (L. W. DC Jong pers. comm.). The acid-labile fraction encountered in our experiments may contain both unreacted DIC and carl)on of the matrix.
The results of22 experiments in which the short term assay was used arc shown in Fig. 3 . Here, carbon fixed into coccoliths is plotted as a cumulative perccntage of total carbon fixation versus time. Values of carbon in coccoliths were corrected for loss of' radioactivity during decalcification of noncalci Fyi ng cells (9 cxperiments). Coccolith formation was apparently favored initially when 14C was added as H'4COs-/"'C032-, but suppressed when it was added as CO,. Although there is considerable scatter in the data, the results clearly suggest that HCOs-is the form of DIC supplied to the calcification site and that CO, is the substrate of photosynthesis.
Alkalinity, pII, and W clssny-The cffeet of calcifying C. huxleyi on the inorganic carbon content of the medium is summarized in Table 1 . The corresponding results on carbon fixed into coccoliths and photosynthate arc shown in Table 2 . In all cases, the amount of carbon in coccoliths equaled half the change in alkalinity of the medium (cf. tions minimized the relative contribution of the fraction, a milder decalcification procedure than used in the short term assay may dccreasc fLIrther the size of the fraction, and because the loss of organic carbon during decalcification, which may reprcscnt the fraction, was taken into account.
The complete results expressed as mean values from experiments in which the alkalinity, pH, and "'C assay was used are shown in Figs. 4 and 5. The plots include data on C. ccwterae and noncalcifying C. huxleyi as well as additional values for calcifying C. huxleyi. The data from this assay are in agreement with the results of the first set of experiments (Tables 1 and 2). In Fig. 4, alkalinity shift is plotted against carbon in coccoliths. Carbon in coccoliths was equal to half the change in alkalinity (P < 0.05) in all cases when calcifying cells of C. huxleyi or C. ctwteme were assayed. When noncalcifying cells of C. huxleyi wcrc used, there were negligible shifts in alkalinity of the medium and virtually no carbon was incorporated into coccoliths. The carbon in coccoliths equals the 14C attributable to HCO,-photosynthesis in logphase cells of C. huxleyi and C. cclrterne but is greater than HCOs-photosynthesis in stationary-phase cells of C. huxleyi (P < 0.01) (Fig. 5) . Fig. 6 is the only one that fits all the data. The scheme assigns correct inorganic carbon sources based on results from application of the short term assay. It also allows for results from both logphase and stationary-phase experiments in which the alkalinity, pH, and "'C assay was used. This is an important point and the argument is as follows.
A scheme for interpreting our data is shown in Fig. 6 . The schcmc includes the following:
HCOs-is the form of carbon supplied to the calcification site (A); CO, is the substrate of photosynthesis (B, C, E); total photosynthesis is supported by CO, diffusing from the medium into cells (E) as well as CO2 originating from IIC03-filzx into cells (13); -this CO, rcsuiting from coccolith formation may or may not be used in photosynthesis (C, D>; and photosynthesis enhances continued carbonate deposition by removing co2, and thus protons (A, B) , from the site of calcification (Simkiss 1976 ).
The results of these experiments indicate first that carbon in coccoliths equals half the change in alkalinity of the medillm in all casts, second that carbon in coccoliths qua1 s I-IC03-photosynthesis for log-phase cells (whcrc HCO,,-photosynthcsis is the difference between total "'C fixation by photosynthesis and the amount of CO, removal computed from pH shifts), and third that carbon in coccoliths exceeds IIC03-photosynthesis of stationary-phase cells. The scheme of and not required by data. Inequalities shown refer to differences in results of experiments in which tither log-phase or stationary-phase cells were used. Symbols: A-"change in"; IICOa-cOcco-carbon in coccoliths attributable to HCO,-influx into cells; HC03-,,,,,-carbon in photosynthesis attributable to HCO,-influx; CrjSY,,-total carbon in photosynthesis; CO, ,,Su,,-carbon in photosynthesis attributable to CO, influx; f-"function of." perimental conditions, affect pH or alkalinity but not both. An outward CO, flux (Fig. 6, path D) in stationary-phase experiments does not destroy the relationship between carbon in coccoliths and alkalinity: thus the first result holds. An outward CO, flux or simply retaining the CO, within cells would, however, affect the pH relationships upon which the implied equivalence between carbon in coccoliths and HCO,-photosynthesis rests in the logphase experiments and the second result gives way to the third. All of the data, then, can be interpreted according to the scheme of Fig. 6 . Alternative interpretations--If fluxes of substances other than DIC also affect pII and alkalinity of the medium significantly during growth of coccolithophorids, the results from application of the alkalinity, pH, and 14C assay could be explained by invoking varying amounts of these fluxes. For example, H+ efflux, a major component of ion traffic in other plant cells (Raven 1976) , may occur in coccolithophorids also. In addition, Brewer and Goldman (1976) have shown that fluxes of NH,+ and NOBe generated by algae can affect the pH and alkalinity of the medium. Therefore it is not possible to deduce with complete certainty the net inorganic reaction of photosynthesis and coccolith formation on the basis of the equilibrium data alone. It is usefIll to consider alternative interpretations of the data.
Each of the schemes of Fig. 7 must also. By similar arguments, this circumstance can he shown to hold for schemes B and C as well. Consequently, the schemes do not seem to fit the data from the stationary-phase experiments in which both the first and the third results occurred. The problem here is that the schemes invoke fluxes of ions (I-I+, CO,"-) that result in changes in both alkalinity and pH. Unlike the scheme in Fig. 6 , those in Fig. 7 are not flexible enough to allow all three of the results for the experiments in which the alkalinity, pH, and '"C assay was used. However, additional fluxes of components of pH and alkalinity superimposed on the schemes could overcome this difficulty.
Scheme A in Fig. 7 sllffers in that it invokes CO, as the source of carbon in coccoliths.
However, this is clearly not the case, as the results from experiments with the short term assay indicate. On the other hand, scheme C invokes an inward flux of COn2-, The results from use of the short term assay do not clearly eliminate this possibility.
Because the equilibrium between IIC03-and COs2-is achieved instantaneously, there is always a small percentage of DIC as 1'*C032-at pH 8 whenever H1*C03-is present. Consequently, CO3 2-as a variable was not carefully controlled in our experiments. However, both Paaschc (1964) and Crcnshaw (1964) interpreted their data to show that COs2-as such probably dots not enter C. huxleyi.
Scheme B of Fig, 7 , however, dots have correct carbon sources for photosynthesis and coccolith formation. Functionally, this scheme is similar to that of Fig.  6 . In both, the principal advantage of coccolith formation to the cell is to supply CO, for photosynthesis.
This would seem to be particularly important for coccolithophorids because they are thoiight to be unlike other algae in that they lack a mechanism for concentrating CO, before fixation (Steemann Nielsen 1975) . Therefore, there is a need to supplement CO, diffusion from the medium into the cells. In both schemes, the supplemental CO, is produced as a result of carbonate deposition. Although this is not shown directly in Fig. 7 , scheme B, protons produccd would act to increase pC02 either within the ccl1 or at its surface. Conceptually, the scheme is reasonable. However, strictly speaking, none of the schemes of Fig. 7 , as formulated, fits the data from the stationary-phase experimerits.
MCO,Y-~rcl~lptation-The form of HCO,-adaptation for photosynthesis that we ascribe to coccolith formation is quite similar to that described by Lehman (1978) for a noncalcifying cell. That is, I ICO,-influx acts to increase intracellular r)CO,, with CO, being the actual substratc of photosynthesis.
These independent assessments of carbon fixation in algae arc in complete agreement with the enzymological data on carbon fixation. That is, the primary carbon-fixing enzyme in C-3 plants, including a coccolithophorid (Glover and Morris 1979), is ribulosc-1,5-bisphosphate carboxylase (Black 1973; Berry et al. 1976 ). The substrate of the enzyme is clearly CO, rather than HC03- (Cooper et al. 1969) .
Although our results seem to indicate that noncalcifying cells of C. huxleyi USC only C02, they do not eliminate HCOBas a possible source of carbon in their photosynthesis.
As shown in Fig. 4 , noncalcifying cells affected the alkalinity of the medium only slightly-the expected result if only CO, were removed from solution. That is, although there are several processes by which algae might influence the alkalinity and pH of media (Brewer and Goldman 1976; Raven 1976 ) DIC fluxes are the principal ones, the others being minor in comparison (Hutchinson 1975) . In this case, because noncalcifying cells do not deposit carljonatc, they do not neutralize the upward ~II shift resulting horn the dehydration of HCO,-to form CO2 (Fig. 6 , paths A and H). If hydroxide were excretcd by noncalcifying cells to compensate for this pH shift, then alkalinity of the medium would not change even though HC03-were used. Consequently, the removal of DIC computed from an upward pH shift is sufficient to account for total photosynthesis by these cells as measured by incorporation of 14C (not shown) regardless of the carbon source.
Similarly, although the results shown in Fig. 2 D-F (Isenberg et al. 1963; Paasche 1964) . However, no effects of the enzyme were observed when the short term assay was applied to these algae. That is, if CA were able to affect the rate of hydration and dehydration of dissolved CO, in the cells significantly, all of the points on these figllres should approach the equilibrium values. Not only are the initial values removed from equilibrium, but the observed half-times of the reactions are in the range of the noncatalyzed, theoretical half-times as well (Figs. 1-3 ). Our observations suggest that one or both of the following apply: CA activity per cell is so low that the bulk movement of CO, into cells is not affected significantly by the enzyme; CA is compartmentalized within cells so that it flmctions in specific locations. Such a flmction could be to facilitate outward diff&ion of CO, from Golgi vesicles, as might be suggested by the data (Fig. 6, path B) . Similar functions of CA have been proposed for other systems (Wheeler 1975; Gutknecht et al. 1977 
